Ab initio calculations on di-, tri-, tetra-, and pentapeptides of glycine in various conformations are reported. Hydrogen bonding is observed as an important stabilizing force in a-helical conformations. These studies on polypeptides of glycine of reasonable size show for the first time that the forces acting to stabilize polypeptide conformations can be extracted directly from theoretical studies, without prior postulation of their existence or need for concern that neglect or approximation of various integrals may have biased the results.
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Understanding of the mechanism of fundamental biological processes has deepened substantially recently, due to major strides made possible by various physical and chemical methods (1) . For example, in optimum cases, the detailed coordinates of virtually every nucleus, other than hydrogen, in a protein can be obtained in the solid state by use of high resolution x-ray diffraction techniques (2) . However, extraction of the nature and magnitude of the forces that contribute to the stability of various structures is frequently extremely difficult, and many of the previous investigations used ad hoc postulates regarding their nature (3) in order that progress could be made.
In this communication, evidence for hyd ogen bonding forces in polypeptides has been extracted directly from ab initio quantum mechanical calculations. In particular, calculations on poly(glycine), representing the largest molecular system treated by ab initio techniques to date (144 electrons in the largest caset), show evidence from ab initio theoretical studies of these forces on actual polypeptides of reasonable size for the first time. There is no necessity for prior postulation of the existence of these forces, or need for concern that neglect or approximation of integrals may have biased the results.
DESCRIPTION OF CALCULATIONS
The method used in these studies (4-13) is an ab initio selfconsistent field procedure, based upon the use of investigations of molecular fragments in order to obtain basis orbitals for the construction of large molecules. Since the nature of the procedure and the basis set parameters for the various molecular fragments needed for these calculations have been de- scribed (9, 13) and have been shown to describe the various interactions in peptides adequately, they will not be repeated here.
The molecules investigated include di-, tri-, tetra-, and pentapeptides of glycine, and are depicted in Fig. 1 . The nuclear geometries were chosen to be the "standard" geometries recommended by Momany et al. (14) , augmented by a choice of 1.102 A for the C-H bond length at the "carbonyl end" of the molecules. Four conformations were studied for the di-, tri-, and tetrapeptides, including the fully extended, anti-parallel-chain pleated sheet, parallel-chain pleated sheet, and a-helix conformers For the pentapeptide of glycine, the fully extended and a-helix forms were investigated. Standard values (15) for the dihedral angles (T) 4 and 4, representing these conformers were used, and are given in Table 1 and shown pictorially in Fig. 1 . In Fig. 2 are given energy differences of various conformers of poly(glycine), relative to the fully extended form, as a function of polypeptide length. The energy has been arbitrarily zeroed for the fully extended conformers for convenience in this figure. The calculations for each conformer have beern performed by double-precision arithmetic (72 bits) on a Honeywell 635 computer to full convergence of the selfconsistent field procedure, with a typical root mean-square difference between charge and bond order matrix elements of successive interactions of < 10-at convergence. indicates that the energy required to rotate from the fully extended conformer to the anti-parallel-chain pleated sheet and parallel-chain pleated sheet conformers can be viewed as being composed of approximately equal and independent contributions from each pair of adjacent (4), A) rotations as additional glycine subunits are added. Also, the decreased stability of the anti-parallel-chain pleated sheet and parallelchain pleated sheet structures (relative to the fully extended structure) is not inconsistent with the occurrence of pleatedsheet structures in nature (16) , since interchain hydrogen bonding is an important source of stabilization. Thus, these results indicate that single strands of poly(glycine) in the anti-parallel-chain pleated sheet or parallel-chain pleated sheet forms are not expected to be stable, relative to the fully extended structure, for poly(glycine) of any chain length.
Furthermore, if all interchain stablization forces are assumed to arise from interchain hydrogen bonding, then a more quantitative lower limit estimate of the magnitude of the interchain hydrogen bonding forces can be obtained. In particular, the graphs of Fig. 2 indicate that the interchain hydrogen bonds of polystranded poly(glycine) must be stronger than 2.6 kcal/mol per glycine subunit for the antiparallel-chain pleated sheet, and stronger than 6.2 kcal/mol per glycine subunit for the parallel-chain pleated sheet structures, if they are to be more stable than the fully extended form.
Of particular interest is the a-helix conformational curve in Fig. 2 , which is seen to be nonlinear. Furthermore, the nonlinearity becomes apparent at the tetrapeptide chain length, which is the minimum chain length at which intramolecular hydrogen bonding is a possibility. It is believed that the nonlinearity is associated with intramolecular hydrogen-bonding effects, as the following analysis will show. To quantify the magnitude of the various interaction energies, let us partition the energy differences as follows. For the dipeptide, the entire AEDP will be assigned to the energy of interaction between two adjacent amide units (e.g., labeled nandn+ 1),i.e.,
AEDP= AEnn+=
For the tripeptide, the total AETRP will be partitioned as AETRP = 2AEnn+1 + AEn,n+2, [1] [2]
where AE., +2 is the energy of interaction between a given subunit (n) and another subunit (n + 2) located two subunits from the nth subunit. Analogously, the total AETEP for the tetrapeptide and AEpp for the pentapeptide can be partitioned as AETEP = 3AEnn+l + 2AEnn+2 + AEn n+3 [31 and AEpp = 4AEn, n+ + 3AEn, n+2 + 2AEn, n+3 + AEn, n+4 [4] The generalization of this type of partitioning procedure to a polypeptide of arbitrary length is obvious. Abbreviations are as in legend to Fig. 2 . * See Fig. 1 for the definition of the atom labels.
t The monopeptide that has been included for reference purposes is formamide.
Chin.n= -6. 1 kcal/mol, [7] and AEn n+4= +0.3 kcal/mol.
[8]
If AEn, n+3 is dentified as representing the energy of a hydrogen bond that is formed between the carbonyl oxygen of subunit n and the amide hydrogen of the (n + 3)rd subunit, the quite reasonable estimate of 6.1 kcal/mol is obtained for the strength of the hydrogen bond ( §, 17-23). Of course, such an identification assumes that all of the AEn, n+3 interaction can be assigned to a "through-space" hydrogen-bond formation, and that it does not contain any terms resulting from transmission of energetic effects through the v-framework of the polypeptide backbone.
Further evidence for the identification of the nonlinearity of the a-helix plots in Fig. 2 with hydrogen bonding results from the use of the Mulliken population analysis (24) , suitably modified for use with molecular fragment basis orbitals that are not necessarily localized on nuclei. Table 2 presents a portion of that analysis that is relevant to the discussion here. Two observations are of interest from this table. First, the Trtype orbital on oxygen atom Oj in the tetrapeptide and oxygen atoms 0, and 02 in the pentapeptide (the ones that would be involved in hydrogen bonding) have different trends from the other oxygen atoms as the fully extended conformer is changed to the a-helix form. In particular, these orbital populations increase (the 02 population in the pentapeptide stays approximately constant) in the change from the fully extended to a-helix form, while all of the other oxygen 7r-type orbital populations decrease during the same process. Second, the carbon atom r-type orbital populations generally increase in going from the fully extended to the a-helix form, except for the populations of the 7r-type orbitals on C1' in the tetrapeptide and on Cl' and C2' in the pentapeptide, which generally decrease (or stay approximately constant). These trends indicate that, although actual charge transfer from the carbonyl group to the amide (three subunits away) does not take place, a change in the carbonyl charge distribution does take place that would be expected if hydrogen bonds were formed. Namely, the carbonyl charge distribution becomes more polar, thus increasing the relative emphasis on resonance structure II (see Fig. 3 ) for those carbonyl groups involved in the hydrogen bond, and facilitating the formation of those hydrogen bonds.
Although these studies indicate the presence of hydrogen bonding as a stabilizing force in single strands of poly-(glycine), they do not necessarily imply that the a-helix form of poly(glycine) should be most stable. In fact, for the di-, tri-, tetra-, and pentapeptides of glycine, the results of these studies (Fig. 2) indicate the clear preference for the fully extended form over that of the a-helix form. Furthermore, if AEn n+J is assumed to be negligibly small for j > 4 (as would be expected from distance considerations), then the energy difference between the a-helix and fully extended form of poly(glycine) having N subunits (N > 4) is seen from Eqs. [1] [2] [3] [4] to be given by AEN = (N -1)AEnn+i + (N -2)AEn n+2 + (N -3)AEn,n+3 + (N -4)AEn n+4- [9] Substitution of the values obtained in these studies (Eqs. [5] [6] [7] [8] ) yields AEN = 9.1 + 3.8N, [10] which is obviously positive for all N. Thus, single-stranded poly(glycine) will not prefer the a-helix form for any chain length.
Available experimental evidence also supports the observation that the a-helix is not preferred in poly(glycine), relative to other conformations. For example, in the crystal state, poly(glycine) is found in two forms. Poly(glycine) I is a fully extended or nearly fully extended form (25) , and poly(glycine) II contains helices with a three-fold screw axis (26) , but they are not a-helices. In addition, infrared, optical rotatory dispersion, and x-ray diffraction studies of ordered sequences of glycyl and y-ethyl L-glutamyl residues (27) indicate that the presence of glycyl residues in polypeptide chains caused a marked reduction in the stability in solution of the a-helix conformation, relative to a random conformation. Finally, a far-ultraviolet study of a series of oligoglycines (28) (n = 2 to 5) indicated that the various peptide bonds are randomly oriented.
Further discussion of these calculations, including analysis of the molecular orbital structure, the effect of the small basis set, and comparison with semiempirical calculations (23, (29) (30) (31) (32) on similar systems will be given elsewhere.
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